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Off-branch polaritons and multiple scattering in semiconductor microcavities
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Angle-resolved measurements show unexpected emission resonances of the polaritons in a semiconductor
microcavity. These resonances appear when more than one in-plane polariton mode is macroscopically occu-
pied. The new resonances observed in angle-resolved luminescence do not lie on the expected polariton
branches and possess different dispersion relations with negative effective mass. The experimental results can
be well explained using an interacting polariton model that treats multiple scattering. Thek dispersion of the
luminescence resonances is reproduced using the Bogolubov approximation that deals with the macroscopic
coherence of the signal, pump, and idler modes. This model also explains many puzzling features such as the
stimulation of resonant Rayleigh scattering in the backward direction. In addition, the use of nonresonant
control beams for coherent control of the polaritons is shown both experimentally and theoretically. The rich
complexity of new phenomena in optically excited semiconductor microcavities can be attributed to the
distinctive anti-Hermitian or anomalous coupling between polaritons.
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I. INTRODUCTION

Exciton polaritons are the normal modes of the stro
light-matter coupling in semiconductor microcavities.1 Such
half-light half-matter quasiparticles have sharply distor
energy dispersions and a pronounced nonlinear behavio
herited from the cavity photon and quantum well excit
components, respectively. After the first nonlinear emiss
studies under nonresonant pumping,2,3 a significant accelera
tion of research has been devoted to the regime of reso
excitation.4–14 Indeed, the dynamics of interacting polarito
particles can now be directly monitored using resonant o
cal pulses and performing angle-resolved measurements
cently, huge polariton amplification has been seen in an
resolved ultrafast pump-probe experiments.4 Lower-branch
polaritons with a specific in-plane wave vectorkp are in-
jected by a resonant pump pulse, while a probe weakly
cites thek50 polariton mode. The probe beam has be
found to stimulate the parametric conversion of two pu
polaritons into the pair of polaritons at the wave vectors0
~signal! and2kp ~idler!. This process occurs for the ‘‘magic
wave vectorkp , which allows energy-momentum conserv
tion for the polariton-polariton scattering. Under continuou
wave excitation without a probe beam, the spontaneous
vation of such a process has been observed, and
efficient parametric oscillation of the polariton modes h
been achieved.8,12 In this situation, not only the pumpe
mode but also the signal and idler modes exhibit a mac
scopic coherence, although the phase of each varies s
rately. The three polariton ‘‘condensates’’ can, in princip
drastically modify the spectral properties at other wave v
tors and produce collective excitations with peculiar disp
sions. A situation of this kind is seen in a very differe
system, namely, the Bose condensate in superfluid hel
0163-1829/2001/64~7!/075311~10!/$20.00 64 0753
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whose collective excitations have been very successfully
scribed by Bogolubov.15

In this paper, we present angle-resolved emission m
surements from a semiconductor microcavity excited in t
polariton parametric amplification regime. New polarito
resonances are clearly resolved in spectral, temporal, and
gular data. The extra emission branches are absent whe
probe is switched off. Their energy is found to be off th
normal polariton branches, and their dispersions are a
anomalous. Within the model of interacting polarito
~treated as interacting bosons6,14!, we successfully reproduc
these experimental observations. The multiple wave mix
of the polaritons is found to reproduce the strong coher
emission at the wave vectorsk52kp ,3kp and explain the
observed spectral structure. The angular dispersion of
incoherent luminescence can be explained by applying
Bogolubov approach to the polariton system in the prese
of signal, pump, and idler ‘‘condensates.’’ Five new pa
polariton branches arise in the present conditions, which
now intuitively explain most experiments. Perhaps the m
interesting general feature of this paper is the contrast
tween theHermitian coupling between photon and excito
which gives rise to the polaritons, and theanomolous anti-
Hermitian-like coupling between polariton pairs, whic
gives rise to the many anomalous features observed h
Anti-Hermitian or anomalous coupling, which occurs
parametrically interacting systems, is particularly easy
study here and, unlike the microwave version,16 naturally
gives rise to a quasiparticle picture in optically driven micr
cavities.

In Sec. II we summarize the experimental conditions, a
present the new data in Sec. III. The theory of multiple sc
tering is developed in Sec. IV and discussed in relation to
observations. Further experiments, varying the probe an
©2001 The American Physical Society11-1
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and showing coherent control, are detailed in Secs. V and
before we conclude.

II. EXPERIMENTAL SETUP AND SAMPLE

The semiconductor microcavity sample used in these
periments was grown by metalorganic vapor-phase epit
and is made of top~bottom! distributed Bragg reflectors
~DBR’s! consisting of 17~20! alternating l/4 layers of
GaAs/Al0.18Ga0.82As. Two pairs of three 100 Å In0.06Ga0.94As
quantum wells are sandwiched between the DBR’s and
placed at the two intracavity field antinodes. The optical c
ity length is;3lex/2 and varies across the sample. The c
ity mode energy is thus tunable by scanning the position
the sample used for measurements, allowing access to
positive and negative detunings,D5vex2vcav , of the cav-
ity resonance at normal incidence,vcav(u50), from the
lowest exciton energyvex . For resonance at normal inc
dence (D50) used in all these experiments, a normal-mo
splitting of \V;7 meV is achieved with lower polariton
and upper polariton linewidths of 0.56 meV and 1.2 me
respectively.

The strong-coupling regime is achieved when the sam
is placed inside a wide field-of-view cold-finger cryostat a
is cooled to a temperature of;10 K. Transform-limited ul-
trashort pulses, derived from a Ti:sapphire laser with a r
etition rate of 76 MHz, are spectrally filtered by a spat
light modulator and grating arrangement to resonantly ex
the lower polariton branch. Pump-probe measurements
performed in the transmission geometry and the light emi
by the sample in a general directionu, is collected in a cone
of 60.14° and is coupled into a multimode fiber. Polariz
tion of the pump and probe beams is kept co-circular,
inject polaritons of one particular spin and avoid unwan
polarization effects that can affect the analysis. The pu
incidence angle isup516.5°, while the probe is at norma
incidence,u50°, unless otherwise stated. The relation b
tween the incident angleu and the in-plane wave vectork is
simply k5(v/c)sinu, wherev is the optical frequency and
c the speed of light. Both pump and probe beams have
gular widths of ;1°. A liquid-nitrogen-cooled charge
coupled device and a monochromator with a spectral res
tion of 0.035 meV, are used to analyze the time-integra
emitted light. Far-field images of the emission are acqui
by projecting the emission on a screen placed behind
sample.

III. EXPERIMENTAL RESULTS

In the specific pump-probe geometry discussed above
probe beam shows a net gain of 10 when the pump p
arrives at the same time. When the probe is strong eno
the pump depletion is macroscopic and can be directly
served as a decrease of the incoherent luminescence ar
the pump angle. In this regime, we also observe sharp e
sion around the pump back-scattering angle,u5216.5°,
seen as a new beam emerging from the sample as well a
idler ~Fig. 1!. Note that the relative emission intensity, r
corded on these images at different angles, is only qualita
07531
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and depends on the camera angle at which the image
taken.

This emission spectrum at2kp exhibits new energy
peaks that exist clearly off the polariton branches and sh
dramatically nonlinear features. Figure 2~a! presents severa
emission spectra atu5216.5°, normalized to the pump
power. At low pump intensities, the emission is peaked at
pump energy and has a linear dependence on the p
power. This is the well-known resonant Rayleigh scatter
of the pump beam. When increasing the pump intens
three new resonances appear in the spectrum with a st
superlinear dependence on the pump power. These fea
are completely absent when the probe beam is switched
~Fig. 2b!. The energies of these peaks at2kp are plotted in
Fig. 1~a!, together with the unperturbed dispersion of t

FIG. 1. ~a! Unperturbed dispersion of the lower and upper p
lariton branch ~dashed lines! and renormalized lower polariton
branch ~solid line!. Arrows show the parametric conversion o
pump polaritons~at 16.5°) into the probe(0°) and idler (35°)
modes. The circles at216.5° are the extracted peak positions of t
emission spectra in Fig. 2~a!. The points at large positive angle
correspond to the peaks in Fig. 2~c!. ~b!–~d! Time integrated far-
field images taken at pump-probe time delayt50, for 2.4 mW
pump power.~b! Probe only,~c! pump only, and~d! both pump and
probe. New emission spots appear at the idler 35° and the p
backscattering angle216.5°, as well as gain at signalu50°.
1-2
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OFF-BRANCH POLARITONS AND MULTIPLE . . . PHYSICAL REVIEW B 64 075311
lower polariton branch. Remarkably, some of the measu
peak energies are completely off branch.

The appearance of new emission resonances does no
cur only atu5216.5°. Another relatively intense emissio
is shown in Fig. 2~c! for the angular range between 43° a
50°. Switching on the probe produces additional pea
which are clearly resolved@also plotted on Fig. 1~a!#. These
enhancements at2kp,0,kp,2kp, and 3kp are maximized
when the pump and probe arrive almost simultaneou
~theoretically, the buildup time of the signal is seen to fav
timing the probe to arrive on the leading edge of the pu
pulse!, and possess similar fast temporal responses c
trolled by the 5 ps lifetime of the photon component in t
microcavity. Their complete dependence on the injec
probe suggests that the macroscopic occupation of the s
and idler modes~whose occupation numberf becomes much
larger than 1! is responsible for the observed emission. Fo
full picture, we have systematically measured the peak e
gies from the luminescence spectra in the whole range
tween 650° ~Fig. 3, with theoretical fits to be discusse
later!. The observed energies (points) clearly demonstr
the appearance of new emission branches whose energy
persion is very peculiar. To proceed theoretically requires
full treatment of multiple polariton scattering.

IV. THEORETICAL ANALYSIS

A. Introduction

The observed parametric amplification of the polarit
modes has been successfully described within the interac
polariton model. The gain spectral, temporal, and angu

FIG. 2. ~a! and ~b! Emission as a function of pump power co
lected at216.5°, normalized to the pump power~increasing from
0.2 mW to 2.4 mW in steps of 0.4 mW!, both with and without
probe. Inset shows the schematics of reflected (R), transmitted (T),
and back-scattered~dashed! directions of the incident pump beam
~c! Normalized emission spectra, with and without probe in
angular range between 43° and 50°, at 2.4 mW pump.
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properties have been very well reproduced through a se
three equations for the signal, pump, and idler modes.6,17The
dynamics predicted by the polariton Hamiltonian is inde
very reliable, encouraging an extension of the treatmen
the multiple-scattering regime. In this section, we present
dynamical equations for the coherent occupation of the
lariton modes. These equations involve all the in-plane w
vectorsk and represent a generalization of the three mo
equations for the polariton parametric amplifier.

Macroscopic occupation of three differentk states along
the dispersion introduces strong parametric coupling
tween polariton pairs which satisfy energy-momentum c
servation. The restricted phasematching conditions resu
new pair-polariton branches that are distinct from the ori
nal lower polariton dispersion. These new polariton branc
are ‘parametric mirrors’ induced by the specific occupatio
of the microcavity. As we shall see, each branch is indu
by a specific pair of polaritons.

B. Coherent multiple scattering

Before considering the dynamical equations, we brie
review the polariton Hamiltonian.6 When considering only
the case of resonant pumping of the lower polariton bran
we can enormously simplify our description by neglecti
the nonlinear contribution due to the upper branch, which
energetically well separated. The destruction operator fo
lower polariton with in-plane wavevectork is pk5Xkbk
1Ckak , wherebk and ak are the exciton and photon Bos
operators, respectively, andXk and Ck the corresponding
Hopfield coefficients (Xk.0 andCk,0). The lower polar-
iton Hamiltonian isH5HLP1HPP

eff 1Hqm . The free term
HLP5(kELP(k) pk

†pk , contains the lower polariton energ
dispersionELP(k). The polariton-polariton interaction is du
to the exciton-exciton interaction and exciton-photon satu
tion. Namely, we have

FIG. 3. Peak emission energy positions extracted from the t
integrated spectra~circle size represents the logarithmic intensity
each peak!. The dashed line shows the fitted multibranch ene
dispersion.
1-3
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HPP
eff 5

1

2 (
k,k8,q

lX
2

A
Vk,k8,q

PP pk1q
† pk82q

† pk pk8 , ~1!

where lX is the two-dimensional exciton radius an
A is the macroscopic quantization area. The interaction
tential isVk,k8,q

PP
5$@2\VR /nsatlX

2 #(uCk1quXk81uCk8uXk1q)
1(6e2/elX)Xk1qXk8%Xk82qXk , with nsat57/(16plX

2) the
exciton saturation density, ande the quantum well dielectric
constant. Notice thatVk,k8,q

PP is positive and represents a r
pulsive interaction. The cavity system interacts with the
ternal electromagnetic field through the standard quasim
coupling Hamiltonian, Hqm5*dV$(kgCk pk

† ak,V

1H.c.%. The operatorak,V destructs an external photon wit
in-plane wavevectork and frequencyV. When an externa
optical field is applied,ak can be replaced by its mean valu
^ak&, which represents the classical value of the field.

An applied optical field with the in-plane wave vectork0 ,
drives a polarization̂ pk0

& of the corresponding polariton

mode. The coupled dynamics of every^pk& is given by the
Heisenberg equations of motion generated by the interac
polariton Hamiltonian. Such equations become closed w
the three-polariton expectation values are factorized in pr
ucts of three-polariton polarizations. It is convenient to co
sider the rescaled quantityPk5(lX /AA)^pk&. The quantity
uPku2 represents the coherent density of polaritons in thk
mode in units oflX

22 . The equation forPk reads

i\
d

dt
Pk5@ẼLP~k!2 igk#Pk

1 (
k8,k9Þk

Ek,k8,k9
int P k81k92k

! Pk8Pk91Fk~ t !.

~2!

The coupling energy is defined as

Ek,k8,k9
int

5
1

2
~Vk8,k9,kÀk8

PP
1Vk8,k9,k92k

PP
!.

The repulsive polariton interaction is responsible for t
blueshift of the polariton branch seen in experimen
namely,

ẼLP~k!5ELP~k!1(
k8

Ek,k8
shi f tuPk8u

2,

whereEk,k8
shi f t

5Vk,k8,0
PP

1Vk,k8,k82k
PP . Finally, the applied exter-

nal field produces the driving termFk(t)}guCku2Vk(t),
whereVk(t) is the k component of the applied extracavi
field.

Equation~2! actually describes the coherent multiple sc
tering of resonantly excited polaritons. The driving fie
Fk(t) excites polaritons at specific wave vectors. In our co
figuration, the external field excites the wave vector0 andkp
~with a small angular width around each!. Due to the
polariton-polariton interaction, the coherent occupation
07531
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generic wave vectorsk8 and k9 can be scattered into th
wave vectorsk and k81k92k. As these wave vectors ca
scatter into other ones, this gives rise to a sort of multip
scattering cascade. As a first application, we have solved
~2! by considering the excitation pulses and material para
eters corresponding to the experiment. A contour plot of
quantity Tk(v)5uCku2uPk(v)u2 is plotted as a function of
emission angleu and energy\v ~Fig. 4!. Tk(v) represents
the polariton coherent density at the wave vectork and en-
ergy \v, weighted by the photon fractionuCku2, and is pro-
portional to the coherent transmission. Apart from the pu
transmission, strong emission occurs at the signal and i
angles. Relatively intense emission beams are also obse
around -kp and3kp . One component atk52kp is spectrally
off branch and presents a well-developed splitting, wh
matches the experimental spectra atu5216.5°. Similarly
the spot around3kp accounts for the strong emission ne
50°. The calculation also shows very weak emission aro
k522kp , which is not resolved in the current experimen

C. Dispersion of the emission branches

Equation~2! does not describe the luminescence but o
the coherent wave mixing of the polariton matter. The pro
lem of the polariton luminescence has been already treate
the case of a cw pump without probe in the regime below
threshold of the parametric oscillation.14 The luminescence is
driven by the parametric correlation, which is stimulated
the incoherent polariton population. Generalizing to the c
above threshold~with macroscopic occupations of signal an
idler! represents a very complicated technical task, e
though the physics is conceptually the same. However,
determination of the energy resonances of the polariton
minescence can be done in a quite a simple way follo
ing the Bogulobov approximation, which holds whe
a discrete set of polariton modesSpol is coherently and

FIG. 4. Theoretical map of the coherent emission~log scale! as
a function of the emission angle and energy. The pump and pr
parameters correspond to the experimental configuration.
1-4
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macroscopically occupied. In our configuration, we can ta
Spol5$0,kp ,2kp%. The Bogolubov approach essential
consists of two approximations. The first approximati
is obtained by neglecting all scattering channels t
do not have the macroscopically occupied modes as in
states. This means that we consider only the proce
$k8,k9%→$k,k81k92k%, where k8,k9PSpol , that is they
are macroscopically occupied. The second step consis
neglecting the quantum fluctuations of these macr
copically occupied modes. Mathematically, this corre
onds to the approximationpk

†(t)pk81k92k
† (t)pk8(t)pk9(t)

.pk
†(t)pk81k92k

† (t)^pk8(t)&^pk9(t)&. With these assump
tions, the equation of motion for the polariton operatorpk(t)
reads

i\
d

dt
pk~ t !5@ẼLP~k!2 igk#pk~ t !1Fk~ t !

1 (
k8,k9P Spol

Ek,k8,k9
int Pk8~ t !Pk9~ t ! pk81k92k

†
~ t !.

~3!

The coupling to the external electromagnetic field is resp
sible, not only for the radiative lossgk , but also for a quan-
tum fluctuation Langevin force Fk(t)
5*dV g Ck

!e2 iVtak,V(0). Finally, the evolution of the
macroscopically occupied modes can be approximated
the expressionP̄k8exp@2(i/\)ẼLP(k8)t#, where P̄k8 is a
slowly varying function of time.

The polariton operatorpk(t) is coupled to the operato
pk81k92k

† (t), wherek8,k9P Spol . The wave vectork81k9
2k corresponds to the process

$k8,k9%→$k,k81k92k%.

For the particular setSpol5$0,kp ,2kp%, pk(t) is coupled to 5
wave vectorskpp , ksp, kpi , kss, and k i i , each of which
correspond to different processes~Fig. 5!. Namely,

~i! pump-pumpscattering is$kp ,kp%→$k,kpp%, with kpp

52kp2k. The condition of energy conservation isẼLP(k)
5Epp(k), where the pump-pump branch is defined as

Epp~k!52ẼLP~kp!2ẼLP~kpp!.

~ii ! signal-pumpscattering is$0,kp%→$k,ksp%, with ksp
5kp2k. The corresponding branch reads

Esp~k!5ẼLP~0!1ẼLP~kp!2ẼLP~ksp!.

~iii ! pump-idlerscattering is$kp,2kp%→$k,kpi%, with kpi
53kp2k. The related branch

Epi~k!5ẼLP~2kp!1ẼLP~kp!2ẼLP~kpi!.
07531
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~iv! signal-signalscattering is$0,0%→$k,kss%, with kss5
2k. The signal-signal branch dispersion reads

Ess~k!52ẼLP~0!2ẼLP~kss!.

~v! idler-idler scattering is$2kp,2kp%→$k,kii%, with kii
54kp2k. The corresponding energy branch has the disp
sion

Eii ~k!52ẼLP~2kp!2ẼLP~kii !.

The full set of scattering processes and the correspon
wave-mixing dispersion branches are depicted in Fig. 5.
nally, we point out that the signal-idler scattering gives r
to the same branch as the pump-pump scattering, bec
ẼLP(0)1ẼLP(2kp)52ẼLP(kp).

In order to go further, it is convenient to define the fo
lowing vector of polariton operators

FIG. 5. Scattering channels starting from two polaritons in m
roscopically occupied states and their corresponding induced w
mixing branches~dashed!.
1-5
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vk~ t !51
pk~ t !

pkpp

† ~ t !expH 2
i

\
@Epp~k!1ẼLP~kpp!#tJ

pksp

† ~ t !expH 2
i

\
@Esp~k!1ẼLP~ksp!#tJ

pkpi

† ~ t !expH 2
i

\
@Epi~k!1ẼLP~kpi!#tJ

pkss

† ~ t !expH 2
i

\
@Ess~k!1ẼLP~kss!#tJ

pkii

† ~ t !expH 2
i

\
@Eii ~k!1ẼLP~kii !#tJ

2 ,

~4!

and a vector of Langevin forces

F̂k~ t !51
Fk~ t !

2Fkpp

† ~ t !expH 2
i

\
@Epp~k!1ẼLP~kpp!#tJ

2Fksp

† ~ t !expH 2
i

\
@Esp~k!1ẼLP~ksp!#tJ

2Fkpi

† ~ t !expH 2
i

\
@Epi~k!1ẼLP~kpi!#tJ

2Fkss

† ~ t !expH 2
i

\
@Ess~k!1ẼLP~kss!#tJ

2Fkii

† ~ t !expH 2
i

\
@Eii ~k!1ẼLP~kii !#tJ

2 .

~5!

This way, the polariton dynamics are described by the op
tor system of equations

i\
d

dt
vk~ t !5Mkvk~ t !1F̂k~ t !, ~6!

where the sparse matrixMk is a non-Hermitian matrix. The
diagonal elements ofMk are the wave-mixing branch energ
dispersions, namely,

~Mk!115ẼLP~k!,

~Mk!225Epp~k!,

~Mk!335Esp~k!,

~Mk!445Epi~k!,

~Mk!555Ess~k!,

~Mk!665Eii ~k!. ~7!

The ordinary polariton branchẼLP(k) is directly coupled to
the other five ones. The corresponding off-diagonal ma
elements are
07531
a-

x

~Mk!125Ek,kp ,kp

int P̄kp

2 12Ek,0,2kp

int P̄0P̄2kp

~Mk!1352Ek,0,kp

int P̄0P̄kp
,

~Mk!1452Ek,kp ,2kp

int P̄kp
P̄2kp

,

~Mk!155Ek,0,0
int P̄0

2 ,

~Mk!1652Ek,2kp ,2kp

int P̄2kp

2 . ~8!

D. Anti-Hermitian or anomalous coupling

The off-diagonal elements of the coupling matrix satis
the relation

~Mk!1n52~Mk!n1
! , ~9!

which is characteristic of theparametricor anti-Hermitian
or anomalouscoupling. All the other matrix elements o
(Mk) are zero. Such a system of operatorial equations is
starting point to calculate many-operator expectation val
that provide access to experimental observables such a
photoluminescence. To obtain the energy resonances o
emission spectra, we simply have to find the eigenvalue
the complex matrixMk , which are shown as dashed lines
Fig. 3, overlaying and in excellent agreement with the e
perimental data. Since this matrix has been obtained by
forming a cw approximation, the comparison with the puls
experiment has to be done by fitting an average value for
pump, signal, and idler coherent densitiesuPkp

u2, uP0u2, and

uP2kp
u2. The total density is constrained by the observ

blueshift of the original lower polariton branch. A good fit
obtained by using a signal to pump density ra
uP0u2/uP2kp

u2.0.08 and an idler to pump ratiouP0u2/uP2kp
u2

.0.04. These values are consistent with the time-resol
solutions of the coherent wave mixing whose spectra
shown in Fig. 4.

Because of the anomalous coupling@Eq. ~9!#, the behavior
of the eigenvalues is very different to the case of Hermit
coupling. The situation is schematically depicted in Fig. 6.
the case of a matrix with Hermitian coupling, two quasires
nant levels anticross. With increasing interaction, the r
part of the eigenvalues repel and at the same time, the im
nary ~damping! parts tend to a mean value. This is the cla
sical anticrossing between two coupled damped harmo
oscillators, and is exactly the situation for the coupling of t
excitons and photons in the microcavity. In the case of a
Hermitian coupling for the off-diagonal terms, the behav
is opposite. With increasing interaction, the real parts of
eigenvalues attract, while the imaginary parts split ap
This means that one mode is overdamped, while the o
one is narrowed and can undergo amplification. The a
Hermitian coupling is characteristic of parametric or ‘anom
lous’ coupling between two oscillators.

The branches in Fig. 3 qualitatively reproduce the disp
sive character of the resonances extracted from the lumi
cence. The emission resonances have a very asymmetric
1-6
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persion and are completely off the branches of
unperturbed lower polariton dispersion. They are not exa
at the resonant Rayleigh scattering energy either, as
gested in recent experiments.7,18 Polariton branches, corre
sponding to different scattering channels cross and a
Hermitian coupling, leads to their attraction and t
flattening of the dispersion in that region~as for the mea-
sured dispersion aroundk50, Fig. 3!. The emission is ex-
pected to be particularly intense at these crossing points
tween branches. The branch, corresponding to the pu
pump scattering channel, completely overlaps with
perturbed polariton dispersion in the entire region betw
0° and 35°@Fig. 5~a!# and is responsible for the strong par
metric luminescence observed in the absence of a p
beam.10 On the other hand, its crossing with the branch c
responding to the pump-signal scattering channel, is resp
sible for the bright emission spot at the pump back-scatte
angle of216.5° degrees, seen in Fig. 2. This is the origin
the enhanced coherent backscatter observed universal
semiconductor microcavities. In addition, the crossing po
between the pump-signal and signal-signal branches is
exactly at the pump back-scattering angle of216.5°, and
results in the buildup of efficient low-energy off-branc
emission at that angle.

The lower-energy emission peak atk50, seen in the ex-
periment~Fig. 3!, and seen as a shoulder in the full theo
~Fig. 4!, is produced by subsequent scattering from th
2kp mode. In the multiple-wave-mixing equations, th
multiple-scattering is accounted for at all orders. Howeve
the matrix approach, we have truncated the multip
scattering cascade by considering only the channels ha
pump, signal, and idler as initial states. By including mac
scopic populations also at2kp and 3kp, we would find a
next generation of additional channels. However at wa
vectorsk,0, many of the new pair-polariton modes fro
the matrix approach are clearly visible in the experime

FIG. 6. Comparison of Hermitian and anomolous coupling. F
Hermitian coupling, levels repel, and their imaginary~damping!
parts become equal. For anti-Hermitian-like coupling, levels att
and their imaginary parts repel with one of the levels becom
overdamped and the other exhibiting gain when the imaginary
is negative.
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and account for the much stronger emission seen at neg
angles.10 Despite the evident success of this dispersion m
analysis, we are unable, at the present stage, to calculat
precise intensity of luminescence from the differe
branches. Such issues will be addressed elsewhere. It is c
however, that where modes cross, the emission is subs
tially enhanced.

We also find a vanishing or even negative branch disp
sion aroundu535°. This suggests that it is possible to im
mobilize~or bring to a dead stop! polaritons in that region, or
even in the case of negative dispersion, to reverse the d
tion of their propagation. This corresponds to alight-induced
negative effective mass for the polaritons! The ability to u
injected pulses to control themassof polaritons, indicates
the possibility of controlling their wave packets subsequ
to their excitation. The analysis of the wave-packet propa
tion of signal, idler, and off-branch polaritons will also b
left to another publication.

V. ANGULAR DISPERSION OF STIMULATED GAIN

From the preceding analysis, it is clear that coherent m
roscopic occupations at different points on the dispersion
lation, modify the quasiparticle dispersion. More specifica
the polariton-polariton interaction introduces local disto
tions and nonlocal changes to the dispersion with the app
ance of new branches that are theoretically predicted
experimentally observable.

In this section we demonstrate that such multiple scat
ing is not limited to the particular pump-probe configurati
discussed so far. The distortions of theoccupieddispersion
relation provide an explanation of why the probe gain can
observed even when energy-momentum conservation sh
not allow scattering to signal and idler. In addition, the da
show that elastic scattering of pump photons~that breaksk
conservation! can be stimulated. These results can be att
uted to the off-branch scattering developed above.

The experimental conditions are modified by allowing t
probe angle to vary while keeping the pump angle fixed
up . Instead of the expected narrow range of probe ang
which can evoke a stimulated response, the injection o
small polariton population is found to affect the polarito
scattering at most angles. Figure 7 shows emission spe
taken in the probe transmission direction, when both pu
and probe beams are incident at the samet50 time delay. In
addition, pump photoluminesce~PL! and linear probe trans
mission spectra are recorded when each beam is individu
blocked. The linear transmission spectra~dashed! agree well
with the transfer-matrix model, yielding dispersivelike fe
tures at large incident angles. The pump luminescence s
tra ~thin lines! in the regime of parametric polariton scatte
ing, are well described by the recently developed theory,14 in
which injection of a large polariton population rigidly blue
shifts the entire lower polariton dispersion. The extrac
peak emission energies for the PL and the probe gain
plotted in Fig. 8~a,3) and show good agreement with th
rigid shift ~which is of the order of the polariton linewidth!.

However the probe is found to be amplified for a lar
range of probe angles@Fig. 8~b!# at different energies. Tha
stimulated scattering does not just occur to the ground s
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P. G. SAVVIDIS et al. PHYSICAL REVIEW B 64 075311
of the lower polariton branch, but is due to the distortion
the dispersion relation from multiple scattering, which pr
duces extra solutions for energy and momentum conse
tion. This is also responsible for a number of new gain pe
that are clearly observed at higher energies@Fig. 8~a!#. Per-
haps most surprising is the observation that the elastic s
tering at the pump energy~dashed vertical lines in Fig. 7! is
strongly enhanced by the injection of a weak probe pu
The extracted positions of this stimulated peak (m in Fig. 8!
confirm that this signal is degenerate with the pump wa
length. Rayleigh scattering, which breaks in-plane mom
tum conservation but conserves photon energy, is norm
attributed to scattering off disorder within the quantum w
in-plane potential. To be invoked for the results observ
such a model would suggest the unlikely scenario that
plane disorder is amplified by the occupation of the lar
diameter polariton states. Instead we suggest this e
arises from pump-signal scattering@Fig. 5~b!# in which near-
degenerate scattering of the signal on the flattened botto
the polariton dispersion~Fig. 3! causes near-degenerate sc
tering of the pump. Further theoretical and experimen
work is in progress to test this suggestion. Once again, h
ever, time-resolved spectroscopy allows direct observatio
multiple scattering, which is smeared out and difficult to d
entangle in cw experiments.

VI. COHERENT CONTROL THROUGH OFF-BRANCH
EXCITATION

The effect of macroscopically coherent populations, po
tioned along the dispersion relation, has a fundamental e

FIG. 7. Spectra taken in transmission geometry for the rang
probe angles shown, pumpup516.5° held constant. PL spectra o
the pump alone~thin!, linear probe transmission spectra witho
pump~dashed!, and multistructured gain peaks observed when b
pump and probe beam are incident at the same time delay~solid!.
The pump and probe powers are 1 mW and 70mW. Each vertical
tick corresponds to a tenfold increase in intensity.
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in producing new pair-polariton modes. These off-bran
features are not only significant in emission, but also inex-
citation. We demonstrate this by showing that the spectr
of the pump pulse is crucial in controlling the multiple sca
tering.

Normally, due to the filtering effect of the microcavity
little difference is expected when pumping with a 100
pulse~10 nm bandwidth, which is tuned to overlap only wi
the lower polariton!, and a 5 pspulse ~0.2 nm bandwidth,
matched to the lower polariton linewidth!. This assumes tha
light, which is not resonant with the lower polariton, mere
reflects off the microcavity.19 However, due to the multiple
scattering that produces new off-branch modes, we find
this is not the case, and the two different excitation con
tions produce very different results. To simplify our expe
ment, we spectrally divide the pump pulse into a 5 pspulse,
which is resonant with the lower polariton branch, and
second higher-energy 5 ps~‘‘control’’ ! pulse. We limit our-
selves to the case where the control pulse is tuned to 1.4
eV, halfway in-between the upper and lower polaritons at t
angle, which minimizes possible overlap with the bare po
iton branches. Surprisingly, the off-resonant control pulse
creases the parametric gain of the signal~Fig. 9!. More sur-
prisingly, the idler is nearly completely suppressed—t

of

h

FIG. 8. ~a! Upper and lower polariton branches~dashed! mea-
sured from the probe linear transmission spectra. The pump
peak emission positions (3) follow the parametric luminescenc
model, however the gain in the probe transmission direction (d),
extracted from Fig. 7, does not. Gain is also seen at the reso
Rayleigh scattering energy (m). ~b! Extracted maximum probe gain
vs probe incident angle for constant pump angle 16.5°.
1-8
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OFF-BRANCH POLARITONS AND MULTIPLE . . . PHYSICAL REVIEW B 64 075311
relative suppression ratio for the signal and the idler bea
can be as high as 25. This method of coherently control
the emission in different directions by applying a cont
beam, can provide an effective means of manipulating
polariton populations and can possibly be used for switch
applications.

To study this kind of process, we have calculated the
herent wave mixing including the second control pum
pulse. In Fig. 10, we show the time-resolved results for
signal atu50°. With just the pump pulse~dashed!, the trans-
mitted probe pulse without pump~dotted! is amplified by a
factor of 10 and slightly time-delayed due to the develop
stimulation. When the second control pulse is also includ

FIG. 9. ~a! Coherent control: a second control pump beam
simultaneously applied at a higher nonresonant energy, openin
efficient scattering channel for the idler polaritons. The pump a
control powers are 2 mW and 1 mW.~b! Strength of signal and idle
emission and~c! their ratios, as a function of the control puls
power.

FIG. 10. Coherent control: calculated signal transmission a
function of time for the same parameters as in Fig. 4 for no pu
pulses~dotted curve!, main pump pulse~dashed curve!, and both
pump and control pulses~solid curve!. The control pump pulse a
1462 meV decreases the gain even though it is nonresonant.
power ratio between pump and control pulses is Ipump/Icontrol52.
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in the calculation, the signal gain decreases by a facto
;2. This effect is optimized for simultaneous control a
pump pulses as found experimentally. The origin of the g
quenching can be understood by inspecting Fig. 11, wh
shows the computed angle-resolved transmission spectra
point out that Fig. 11 is calculated with the same parame
as Fig. 4, where the second control pulse is not includ
Remarkably, Fig. 11 shows that the virtual population c
ated by the second pump, produces additional wave-mix
processes, which compete with the normal parametric
sion. In fact, we see the appearance of a whole hierarch
additional spots with respect to Fig. 4. However, unlike t
experiments, the predicted idler suppression is comparab
that of the signal. Work is in progress to identify if this is du
to higher-order multiple scattering, or coupling to the upp
polariton branch, or higher-k excitons. However both the ex
perimental and theoretical results confirm that extreme c
has to be taken when exciting these microcavities, since
sorption through multiple scattering arises at energies off
main polariton branches.

VII. CONCLUSIONS

In conclusion, we have presented experimental and th
retical results describing the angle-resolved emission fr
semiconductor microcavities in the regime of polariton pa
metric amplification. Above the stimulation threshold, sign
and idler modes have a macroscopic and coherent pop
tion. Multiple scattering, involving the signal or idler mode
gives rise to additional strong emission beams at wave v
tors 2kp ~pump back scattering! and3kp with new spectral
peaks. Such emission exhibits a hierarchy of new p
polariton branches, with their anomalous dispersions ly
off branch with respect to the unperturbed lower polarit
dispersion. The observed features are well reproduced
equations describing the coherent multiple scattering of
polariton matter modes. Such equations represent a gene
zation to all k states of the three mode equations for t

s
an
d

a
p

he

FIG. 11. Computed transmission~log scale! as a function of
angle and energy for the same parameters as in Fig. 4, with
addition of the control pulse.
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polariton parametric amplifier.6 The nonlinear resonances a
also observed in the incoherent luminescence, which all
us to monitor their peculiar angular dispersion, includi
negative mass pair polaritons. The behavior of the emiss
branches can be qualitatively described by adopting
Bogulobov scheme to the polariton system in the presenc
‘‘condensates’’ at the pump, signal, and idler wave vecto
The present results give insight into both the nonlinear op
of interacting polariton matter, and the nature of an
Hermitian coupling. The development of strong pair scatt
ing in the polariton system, produces these new off-bra
s
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dispersions, which will be a general feature of all su
strongly excited systems.
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